The zero-field splitting (ZFS) is an important quantity in the electron spin Hamiltonian for S=1 or higher. We report calculations of the ZFS in some six-and five-coordinated nickel(II) complexes (S=1), using different levels of theory within the framework of the ORCA program package (F. Neese, Wiley Interdisciplinary Reviews-Computational Molecular Science, 2, 73 (2012)). We compare the high-end ab initio calculations (CASSCF, NEVPT2), making use of both the second-order perturbation theory and the quasi-degenerate perturbation approach, with DFT methods using different functionals. The pattern of results obtained at the ab initio levels is quite consistent and in reasonable agreement with experimental data. The DFT methods used to calculate the ZFS give very strongly functional-dependent results and do not seem to function well for our systems.
I. Introduction
In electron paramagnetic resonance (EPR) and in paramagnetic relaxation in nuclear magnetic resonance (NMR), the splitting of the electronic ground state even at zero magnetic field is an important probe of local geometry. It contains information on fluctuations in the local geometry via variations in the electronic excited states, which are spin-orbit coupled to the electronic ground state, thereby lifting the degeneracy in its magnetic components. It can be used as a local probe in electrolyte solutions or in complex environment, such as reaction sites in bio-molecules. Zero-field splitting (ZFS) is an important property of molecules -often transition metal or lanthanide complexes -with more than one unpaired electron and the electron spin quantum number 1 S ≥ . The ZFS has a strong influence on the electron spin energy levels and can thus be visible in EPR spectra, in particular at high magnetic field [1] [2] [3] [4] .
The ZFS can also be determined at vanishing magnetic field, using the technique called frequency domain magnetic resonance spectroscopy (FDMRS) 5 . Further, the splitting can be estimated by measurements of the temperature dependence of the magnetic susceptibility 1 or magnetic circular dichroism 4 . Finally, it is possible to estimate the ZFS in an indirect, modeldependent way, by measuring the NMR relaxation rates for nuclear spins residing in a ligand bound to the paramagnetic centre 6, 7 . All these methods make use of the spin Hamiltonian formulation, including the ZFS term 8 : 
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Here, ˆˆ, , In analogy with other magnetic resonance parameters [9] [10] [11] , the spin Hamiltonian parameters D and E can be related to more fundamental quantities of the electronic structure theories. Briefly, the effects corresponding to the ZFS can arise by two types of mechanism:
the dipole-dipole interaction between the magnetic moments of the unpaired electrons (called the spin-spin coupling, SSC, term) and the second-order contribution from the spin-orbit coupling (SOC). In the case of transition metal complexes, it has for long time been assumed that the latter term is dominant 12 . Some of the authors of the present paper were interested in quantum chemical calculations of the ZFS already in the nineties, when we proposed a simple non-empirical scheme to compute the second-order SOC contribution and applied it to some nickel(II) (S=1) complexes 13, 14 . We reported also a combination of molecular dynamics (MD) simulations and ZFS calculations yielding a time correlation function (TCF) for the fluctuations of the ZFS in aqueous nickel(II) solution 15, 16 . The development of the theoretical tools to calculate the ZFS parameters by quantum chemistry technique over the last decade has been quite impressive, with Frank Neese and his group as the leading team 10, 11, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , but also with important contributions from other authors [31] [32] [33] [34] [35] [36] [37] . The development has followed two routes, making use of either efficient density functional theory (DFT) techniques or of highend wavefunction methods based on multi-configurational SCF techniques (such as CASSCF and related extensions). Many of these options are provided in the ORCA program package 38, 39 .
The application of these recent computational tools to mononuclear nickel(II) complexes have been described in some papers. Maganas et al. 27 reported a theoretical study of ZFS in the tetrahedral and square planar nickel(II) complexes, using both the DFT and CASSCF-type methods. Desrochers et al. 40 used similar methods and studied nickel(II) borohydrides. Other works on nickel(II) concentrated on either ab initio methods [41] [42] [43] or DFT 44 . Among the DFT work, we wish to mention in particular the paper by Mareš et al. 45 who presented calculations of magnetic properties, including ZFS, for aqueous nickel(II) solutions. They combined the first-principles molecular dynamics for generating hydrated ion structures 46 with DFT calculations of the ZFS, in a similar way as in earlier work from our laboratory 15 but using the state-of-the-art methods of today.
In this study, we attempt an evaluation of the DFT techniques versus the high-end wavefunction methods for three cases. First, we study the Ni(H 2 O) 4 The outline of this paper is as follows. In the next sections, we describe the details of our computations. The results for the chosen nickel(II) complexes are described in the following section and the conclusions are drawn in the final part of the article.
II. Method to derive the zero-field splitting
The ZFS was either derived accurately from explicit calculations of the spin-orbit coupling between the electronic ground and excited states or approximately employing a sum-overstates procedure on the Kohn-Sham orbitals in DFT calculations.
In the explicit treatment, the electronic states were determined from a state-averaged multi-configurational SCF calculation using the complete active space (CAS) SCF scheme for selecting relevant electronic configurations. The CASSCF calculations 47, 48 give a good representation of the static electron correlation. In addition dynamical correlation can be included in a perturbative treatment with the n-electron valence state perturbation theory (NEVPT2) method [49] [50] [51] 
III. Computational Details
All calculations were performed with the ORCA package 38, 39 . The structures of the models and experimental geometries of all complexes were optimized using the BP86 or B3LYP functionals and TZVP basis 52 . In the geometry calculations, an intermediate grid (Grid 4) for the electron density was used together with tight SCF convergence criteria.
In addition, a snapshot from an MD simulation was used to test the system size dependence. For this purpose, we performed a short (4 ps) Car-Parrinello MD simulation [53] [54] [55] [56] [57] [58] [59] of 0.6 molal NiCl 2 (aq) with a density of 1.067 g/cm3 60 , starting from an equilibrated classical MD simulation. We employed a 120 Ry cut-off and Goedecker type pseudo-potentials for Ni For the ZFS calculations based on DFT, we tested different basis sets and functionals.
Also the importance of grids for the density and for the density fitting was checked. Finally, results from the pure-DFT PBE, BLYP and BP86 functionals and the hybrid B3LYP and B3P functionals using (some of) the DZVP, TZVP and QZVP basis sets are presented.
Additionally, in DFT calculations we used the RI approximation with the auxiliary TZV/J fitting basis set [61] [62] [63] [64] 
IV. Results

A. Zero Field Splitting in Ni(H 2 O) 4 F 2
The first system chosen for testing different computational schemes is a nickel(II) ion surrounded by four water molecules, with the four oxygen atoms and the nickel atom in a plane and with the HH axes of water molecules perpendicular to that plane. The fluorine atoms are placed above and below the plane, yielding the D 4h symmetry for the system. The same system was studied in the early work from our laboratory 14 . Here, all the calculations were performed for Ni-O and Ni-F distances of 214 and 191 pm, respectively, optimized using DFT with the BP86 functional within TZVP basis set. The coordinates of all atoms are given in Table S1 of the supplementary material 69 . The high symmetry of the complex leads to axially symmetric ZFS tensor. The results of the ab initio calculations are shown in Table   1 .
The first and second line in Table 1 summarize results from the QDPT and the 2PT calculations, respectively, while the third line gives the results of the spin-spin contribution.
The SSC is practically negligible for this case. The spin-orbit contribution is sensitive to the choice of method. The 2PT calculations of the spin-orbit contribution seem to overestimate the splitting compared to the more advanced QDPT method. Also CASSCF yields higher numbers than NEVPT2. An explanation of the latter trend can be sought in the left-hand side of Figure 2 and in Table S2 in the supplementary material 69 , where we collect excitation energies obtained by the two methods. Clearly, CASSCF produces lower excitation energies compared to the more accurate NEVPT2. In the perturbation approach, the lower excitation energies lead to smaller denominators in the sum over excited states, leading to larger resulting D-values. On the other hand, neither the D-values (Table 1) , nor the excitation energies display strong basis set dependence. We judge a priori that the QDPT approach at the NEVPT2 level should be most trustworthy. We shall later on expose different methods to a test against experimentally determined ZFS.
The corresponding ZFS results obtained using DFT methods are summarized in Table 2 .
The first observation we make is that the PK and CP approaches produce the SOC contribution to the ZFS with opposite signs, if the non-hybrid functionals are used. The same is also true for the DZVP and QZVP basis sets and hybrid functionals, while B3P and B3LYP
in combination with TZVP yield results with the same negative sign (in agreement with the ab initio results in Table 1 ). The difference between the CP and PK results can be understood by decomposing the ZFS into contributions from different types of excitations. ORCA offers an analysis in terms of the αα (SOMO->VMO), ββ (DOMO->SOMO), αβ (SOMO->SOMO)
and βα (DOMO->VMO) excitations where SOMO, DOMO and VMO denote singlyoccupied, doubly-occupied and virtual molecular orbitals, respectively. As one can see in Table 3 , the αα and ββ contributions are identical in the PK and CP schemes, while the αβ terms differ by a factor of two and the βα by a factor of 1/3. Both these observations agree with the Neese's calculations for O 2 65 . The ββ and αβ contributions tend to have opposite signs and the combination of the partial cancellation with the factor of two difference in the latter term results in some cases in opposite signs of the total ZFS. Schmitt et al. 37 proposed a modification of the DFT perturbation scheme, which for S=1 amounts to the PK results multiplied by two. Thus, following this approach, the DFT produces the same negative signs as the wavefunction methods.
Turning back to Table 2 , the second observation concerns the basis set choice. We can see that the DZVP and QZVP basis sets are in a reasonable agreement with each other, for all functionals, both for the CP and PK methods. The TZVP basis leads to similar results with non-hybrid functionals, while TZVP combined with hybrid functionals is again an outlier.
Third, we can see in the table that Figure 3 (the atomic Cartesian coordinates are given in Table S3 of the supplementary material 69 ), results in a very small ZFS. In order to study a configuration yielding non-zero ZFS, we also did calculations on a "snapshot" from an MD-simulations of aqueous nickel(II), with no symmetry, including a varying number of waters in the cluster (see Tables S4-S6 and Figures S1 and S2 and in the supplementary material 69 ). We do not include a sampling over configurations in the present study, only a single configuration is used with the objective to study the cluster size dependence.
The first point that we want to check, using the S 6 geometry and the MD snapshots, before proceeding to the ZFS results, is whether the NEVPT2 calculations are able to reproduce some of the lowest excitation energies, known from experiments. The calculated excitation energies are shown in Figure 4 (left-hand side, see also Table S7 in the supplementary material 69 ). The lowest excited triplet, 3 T 2g in the octahedral point group notation lies, at the structure in S 6 symmetry, about 8400 cm -1 above the 3 A 2g and is split into three triplet states at lower symmetry. This is in reasonable agreement with the experimental maximum of the lowest band in the absorption spectrum of aqueous nickel(II), occurring at about 7500 cm -1 74 . We notice also that the agreement with experimental data improves in the MD snapshots. Table 4 and shown in the right-hand side of Figure 4 . Also here, the SSC part of the splitting is negligible. The magnitude of the NEVPT2-QDPT D-value varies a bit with the cluster size. Moreover, the quantity changes sign, which might be worrying at the first sight. However, as can be seen in the Table, the corresponding E/D-values are close to 1/3 and the sign change corresponds to a relatively minor change in the structure of the three ZFS-split levels of the triplet ground state, cf. Figure 1 . When E=1/3, the system is characterized by three equidistant levels and the sign of the D-value becomes undefined 20 . It may be worthwhile mentioning that the early theoretical work from our laboratory 15 was consistent with the ZFS of aqueous nickel(II) yielding, on average, a system of three equidistant levels. This observation was also employed in building simple models for NMR relaxation in aqueous nickel(II) solutions, with a certain success 72 .
The corresponding ZFS parameter values (D and E/D) are listed in
Next, we also want to compare again the ab initio methods with DFT. For that purpose, we choose to decrease the high symmetry of the optimized structure in a more systematic way. We start again with the reference structure of S 6 symmetry, corresponding to Figure 3 , with all the Ni-O distances equal. From there, we can introduce systematic distortions of the structure by pulling out the two molecules along one of the axes, thus reducing the symmetry to C i . This leads to almost axially symmetric ZFS. The variation of the D-value, calculated at different levels of theory, with the distortion (extension of the Ni-O distance along the distortion axis in Ångströms) is shown in Figure 5 (see also Table S8 Table 1 . It may be noteworthy that the DFT curve also displays a much larger deviation from linearity, compared to the four ab initio data sets.
C. Studies of Zero Field Splitting in Pentacoordinate Nickel(II) Complexes
Our final example is a series of nickel(II) complexes, where the ion is chelated by a tridentate ligand, 1,4,7-triisopropyl-1,4,7-triazacyclononane (iPrtacn). The ion coordinates two additional anions (chlorides, bromides and isothiocyanides), which results in five-coordinated structures. The ZFS in these systems in the crystalline form were studied experimentally by
Rebilly et al. 1 , so we get here a chance to directly confront quantum chemical calculations with experimental data. The geometries were taken from the crystal structures and reoptimized at the B3LYP level, which led to very small changes. The atomic coordinates of the three complexes are given in Tables S9-S11 in the supplementary material 69 .
The experimental data from two different types of measurements are compared with ab initio calculations in Table 5 (the corresponding excitation energies are presented in Table   S12 and Figure The results of the DFT calculations with the QZVP basis set are summarized in Table   6 . The splittings for X=Cl and X=NCS are an order of magnitude smaller than the experimental values. For X=Br, to the contrary, some of the DFT results seem to be in reasonable agreement with the experiments. Yet, given the lack of success of the DFT methods for the lighter anions, we believe that the good agreement for X=Br is fortuitous.
V. Discussion and conclusions
The results of ZFS calculations for our examples of nickel(II) complexes show clearly that the multiconfigurational ab initio methods provide a consistent pattern of results, in reasonable agreement with available experimental data. Among these methods, the most sophisticated NEVPT2/QDPT approach seems to be most successful. At the same time, DFT calculations of this property do not seem to be reliable.
It is of course interesting to compare our results with earlier work. We do this comparison in two steps. First, we consider recent work on nickel(II) complexes. Maganas et al. 27 investigated tetrahedral and square planar complexes with bidentate dithioimidophosphinato ligands. For one of the complexes, the ZFS was calculated using the DFT (B3LYP/TZVP, CP method for the SOC, UNO for the SSC), yielding D=+58 cm -1 and
E=0.
The D value has to 96% its origin in the SOC. The multireference CI calculations produced the splitting D=60 cm -1 . Thus, in that case the DFT and correlated wave function methods led to similar results. Desrochers et al. 40 reported DFT and ab initio calculations for nickel(II) borohydrides. Both types of calculations resulted in small splittings, in agreement with experimental evidence. Very recently, Maganas and co-workers 75 have investigated pseudo-octahedral complexes with oxygen and either sulphur or selenium coordination and observed that spin-orbit coupling dominates the ZFS. Another group of Ni(II) complexes was studied by Ye and Neese 76 . In both these papers, the authors compared the ab initio and DFT calculations and arrived at conclusions similar to the present work. Ferentinos and co-workers 44 Table 5 . Costes et al. 42 reported similar ab initio calculations (CASSCF, NEVPT2) for other five-coordinated nickel(II) systems, including also the SSC contributions. Again, the trend upon moving from CASSCF to NEVPT2 was the same as in our work. The same group studied also some oligonuclear complexes. One of the systems considered contained nickel(II) and a diamagnetic Y(III) ion 43 . Also in this case, only the ab initio methods were used.
We find other work on oligonuclear complexes to be of less relevance for discussion of our results. On the other hand, it is certainly interesting to review comparisons between the ab initio and DFT calculations for mononuclear complexes of other transition metal ions.
Maganas and co-workers 29 81, 82 .
The conclusion of this discussion might be that the difficult systems, with spatially nearly degenerate states, require the use of the most advanced theoretical tools, such as the NEVPT2/QDPT combination. What is surprising, to a certain extent, is the fact that our calculations for the apparently "easy" case of nickel(II), with the triplet ground state quite far below the excited states, show the same trend as the "difficult" ions. Thus, we conclude that the current DFT methods for calculations of the ZFS in nickel(II) complexes 45 should be considered unreliable. Moreover, our results are in full agreement with Griffith's more than 50 years old hypothesis 12 that the ZFS in transition metal complexes is dominated by the spin-orbit coupling effects. 
